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Abstract – This paper presents thunderstorm electrostatic 
field measurements carried out by electric field mills 
located at mountainous regions in Spain and Colombia. The 
profile of electric field changes ∆E due to lightning vs 
distance is computed by using data from a lightning 
location system. The effect of the topography on the ∆E vs 
distance profile is studied in order to identify necessary 
adjustments for field mills used as lightning warning 
systems affects by topographycal factors.  
 
 
1 - INTRODUCTION 
 
The lightning activity is one of the most deadly weather-
related phenomena in many countries. In tropical and 
subtropical zones, where the lightning incidence is higher 
than any other region in the world [1], an estimated 
24000 deaths and 240000 injury cases occur each year 
[2]. A non-exhaustive evaluation of lightning incidents in 
Colombia based on reports in the media, shows that 
around 200 people are killed and close to 1000 are 
injured by lightning, annually.               
 
In tropical countries, lightning is also the major cause of 
failures in power systems, power quality disturbances, 
damages in telecommunication systems and industrial 
processes, among many others. Around 70% of the 
failures in the Colombian power transmission system are 
produced by lightning and the number of distribution 
transformers destroyed by lightning each year is more 
than 15000 [3]. 
 
The electrostatic field measurement is recognized as one 
of the most direct ways to detect the thunderstorms 
growing before the mature lightning active stage [4-8] 
and deploy lightning warning systems.  
 
This paper analyzed thundercloud electrostatic field 
measurements given by a field mill network located in 
northern Spain during summer thunderstorms; the 
network is composed by 11 sensors and provides 
lightning warnings for wind farms on mountains. On the 
other hand, since 2009 thunderstorm electrostatic 
measurement systems have been installed in Colombia 
for personnel safety purposes; most of the sensors are 
located on mountainous areas and one of them is at 
2600 MSL.  
 
Historic data from systems mentioned above are used 
for studying the effects of the topography on the field 
mills measurements under the real conditions. Flash to 
sensor distances are computed from data by lightning 
location systems, so that the profile of the electric field 
changes ∆E due to lightning vs distance can be built. 
Additionally, the point and bipolar charge models for 
cloud to ground flashes are experimentally obtained for 
the studied sites. 
 
 
2 – ELECTROSTATIC MODELS 
 
Generally, cloud to ground flashes can be represented 
by a point charge model (Figure 1). Murphy [19] showed 
that many cloud to ground - CG flashes are better 
represented by a bipolar model. Taking into account the 
point charge model, described by (1), the electric field 
change ∆E is proportional to the point charge magnitude 
∆Q and decreases when the distance increases. In (1) H 
is the elevation of ∆Q. 
 
 
Figure 1 – Point charge model for CG flashes 
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Several authors, since Wilson [9], have investigated the 
∆E due to lightning. Most of the studies have been 
carried out in Florida [10-17] and provided the most 
important results about the thundercloud electrical 
structure. The 31 sensors at KSC and CCAFS are 
installed at the sea level, at flat terrain and in uniform 
sites that are cleared of vegetation [18], therefore, 
represent the best reference for studying the 
performance of electrostatic field sensors.  
 
Aranguren [19] studied the electric field change ∆E due 
to lightning measured by 31 electric field mills at Florida 
during nine stormy days, in summer 2009. By using the 
same methods developed by authors mentioned above, 
the ∆E vs distance distribution was built (Figure 2), 
considering that all field mills present the same 
calibration procedures. Flash to sensor distance is 
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obtained from the local lightning location system 
(CGLSS) [17]. Figure 2 is composed by 35529 ∆E 
related to CG flashes, which could be fitted to bipolar or 
point charge models by using multistation measurements 
[15]. Taking into account the characteristics of the field 
mill network in Florida, Figure 2 can be considered as a 
“reference” curve of a field mill installed at ideal 
conditions, with these characteristics: i. the complete 
dataset is fitted by a point or bipolar charge model that 
agrees with previous reported by [10-17] (∆Q1 = -25.07 
C, H1 = 8.98 km, ∆Q2 = 5.55, H2 = 5.95 km) [19] and ii. 
the distribution gives the typical limits of scattering for the 
∆E expected at every distance. 
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Figure 2 –∆E versus distance and point charge, bipolar charge 
and polynomial approximation curves (35529 events). (Up: 
linear scale, down: log scale) 
 
The elevation H of the point charges related to CG 
flashes, commonly presents a normal distribution. On the 
other hand the values of ∆Q are typically log-normal. If a 
log scale is used in Figure 1 (down), the scattering in ∆E 
becomes almost constant at any distance. 
 
If a given field mill sensor is installed under “no ideal” 
conditions, such as not flat terrain, at a given terrain 
altitude or with site errors, it is expected that the ∆E vs 
distance curve presents modifications, so that, it could 
be used for estimating the measurement errors.     
 
General measurement features of the field mills in 
Florida are [18]: Measurement range: +/-30 kV/m, analog 
resolution: 4 V/m, digital resolution: 14 bits signed, 
sensitivity: 144 µV/v/m, sample rate: 1 sample/s. 
 
 
2 – ELECTROSTATIC FIELD MEASUREMENTS AT 
HIGH TERRAIN 
 
Figure 3 shows the electrostatic field measurements 
made by a field mill installed at Bogotá - Colombia, at 
2600 MSL, during a thunderstorm episode on 17 
november 2010. CG lightning data was given by the 
lightning location systems SID [19], which present high 
detection efficiency in the area. Both CG flash to sensor 
distance and electric field are given. Electric field 
changes are observed when the CG lightning activity is 
closer than 20 km.  
 
a 
 
b 
Figure 3 – Electric field measured in Bogotá-Colombia  
on 17 november 2010 [19]. a. entire episode with flashes up to 
80 km. b. episode part with flashes closer than 20 km.   
 
Figure 4 shows the ∆E vs distances measured during 
nine thunderstorm days in Bogotá during 2010. Dots 
denote the ∆E measured by the field mill and the red and 
blue lines represent fittings done by using point and 
bipolar charge models. By using the dataset described in 
Figure 3, the bipolar charge solution in Bogotá is: first 
charge ∆Q1 equal to -22 C, at 5.86 km height and a 
second charge ∆Q2 of 6.8 C at 3.76 km height 
(respecting local altitude).   
 
 
Figure 4 – Electric field changes ∆E vs distance measured by a 
field mill located in Bogotá, during nine thunderstorm events on 
2010 [19]. a. lineal scale. b. logarithmic scale.  
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The field mill used in Bogotá has next features [19]: 
Measurement range: +/-20 kV/m, analog resolution: 2.44 
V/m, digital resolution: 14 bits signed, sensitivity: 500 
µV/v/m, sample rate: 5 sample/s, which are comparable 
to the sensors in Florida.   
 
In spite of the high altitude, Bogotá is located at a large 
plain so that the electrostatic field is no affected by 
orography. The charge heights for the bipolar model 
obtained in Bogotá are between 2 and 3 km lower than 
those for the bipolar model in Florida; it agrees with the 
local terrain altitude at Bogotá, so that the heights in 
Florida and Bogotá are very similar, respecting the sea 
level; in addition the charge magnitudes are also similar 
(-25.07 and 5.55 in Florida and -22 and 6.8 in Colombia).    
Figure 4 also exposes almost a constant scattering in ∆E 
at any distance from 0 to 25 km. 
 
 
2 – ELECTROSTATIC FIELD MEASUREMENTS BY 
SEVERAL SENSORS AT THE SAME ALTITUDE 
 
Four field mills with the same features of that used in 
Bogotá, were installed on 2012 in the lowland region of 
Colombia known as Llanos Orientales. The four sensors 
are located at altitudes from 304 to 416 MSL. Figure 5 
describe the location of the sensors. Lightning location 
data was provided by the LINET network in Colombia, 
which present high detection efficiency in that zone [19]. 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Location of the four field mills at Llanos Orientales. 
 
 
Figure 6 describes the evolution of CG strokes 
approaching sensor no. 1 on 18 April 2012, and the 
measured electric field signal. The storm took 
approximately 1h and 30 min to travel from 40 km away 
to the sensor site.  A low increase in the electric field is 
first observed when the storm is 30 km away. The first 
electric field polarity reversal is detected when CG 
strokes are located at 20 km approximately. CG and IC 
flashes at distances shorter than 30 km produce the 
sudden electric field variations ∆E.   
 
8.6 8.8 9 9.2 9.4 9.6 9.8 10 10.2 10.4 10.6
-4000
-2000
0
2000
4000
6000
8000
El
e
ct
ric
 
fie
ld
 
[V
/m
]
-20
-10
0
10
20
30
40
50
60
St
ro
ke
 
di
st
a
nc
e 
[km
]
Time [h] (UTC)
 
 
 
Figure 6 – Thunderstorm episode on 18 April 2012. Stroke to 
field mill distance (red dots) vs measured electric field (blue 
line). 
 
The ∆E vs distance distribution for sensor no. 1, based 
on 2290 CG flashes at distances from 0 to 30 km is 
given by Figure 7. The solid line represents the obtained 
optimization solution for a point charge model that 
corresponds to ∆Q = 60.4 C and H = 8728 m (with 
respect to the local terrain elevation: 401 MSL). Point 
charge fitted models for all sensors and comparison with 
reference curves are presented in Figure 8. 
 
 
 
Figure 7 – ∆E vs distance distribution and point charge model 
fitting for field mill 01. 
 
 
Figure 8 – ∆E vs distance fitted curves for all sensors and a the 
references from Bogotá and Florida. 
 
Point charge fitted models for sensors 01 to 04 give very 
similar H (averaging 9 km); note that is also coincident 
with the charge height found in Bogotá. The four sensors 
studied at located almost at the same altitude and in the 
same region so that their measurements correspond to 
the same thunderstorm episodes. Models on Figure 8 
are presented as parallel lines suggesting that the 
Bogotá 
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differences are mainly related to the site error and that 
measurement error is mainly represented by the 
differences in the fitted ∆Q. Figure 8 presents also the 
reference curve in Bogotá, which becomes parallel with 
the curves for sensors 01 to 04 when it is corrected in 
height. 
 
 
3 – OROGRAPHIC EFFECTS 
 
Eleven electric field mills were installed on 2009 in a 
mountainous region in northern Spain. Altitudes of sites 
vary from 426 to 1107 MSL. 33 thunderstorm events 
during 2009 and 2010 were used to evaluate 
measurements given by similar electric field mills at 
different altitudes. Lightning data was obtained from the 
European total lightning detection system LINET [19]. 
Figure 9 shows an episode on 5 may 2010, when a 
thunderstorm was simultaneously measured by field mills 
at flat terrain and over mountains in northern Spain.  
 
 
 
 
Figure 9 – Thunderstorm episode on 5 may 2010 at northern 
Spain. Blue dots are field mills location; red dots are cloud to 
ground flashes. Dashed line denotes the storm path. Image on 
the bottom shows the terrain profile and the field mills location. 
 
Three different types of field mills are used in the network 
but those have similar features [19]: Type 1:  
Measurement range: +/-150 kV/m, analog resolution: 
18.3 V/m, digital resolution: 16 bits signed, sensitivity: 34 
µV/v/m, sample rate: 1 sample/s; Type 2: Measurement 
range: +/-212 kV/m, analog resolution: 30 V/m, digital 
resolution: 16 bits signed, sensitivity: 100 µV/v/m, 
sample rate: 1 sample/s; Type 3: Measurement range: 
+/-102 kV/m, analog resolution: 12.5 V/m, digital 
resolution: 16 bits signed, sensitivity: 49 µV/v/m, sample 
rate: 1 sample/s.  
 
Characteristics of described field mills are very different 
from the features of field mills at Florida and Colombia. 
The measurement range is at least three times higher 
and the digital resolution is 16 bits in order to obtain 
reliable measurements along the large measurement 
range. Electrostatic fields on mountains showed much 
more disperse values. 
 
As an example, the electrostatic field measurement 
taken by sensor 6 during the thunderstorm episode on 
29 April 2010 is described in Figure 10; the field mill is 
located at the top of a mountain at 749 MSL. The 
evolution of the electrostatic field when the storm is 
approaching exposes notable differences compared with 
that at flat terrain, as shown in Figures 3 and 6. 
Commonly at flat terrain, thunderstorms at distances 
larger than 30 km produce very low electric field 
amplitudes which are difficult to distinguish from the fair 
weather electric field. Measurement on Figure 10 shows 
high electric fields amplitudes when the lightning activity 
is detected at distances larger than 30 km. In addition, 
the magnitudes of ∆E are much higher than typically 
observed.  
 
 
 
 
Figure 10 – Electrostatic field measurement taken by sensor 6 
during the thunderstorm episode on 29 April 2010. 
 
Electric field change ∆E vs distance data for sensors at 
not flat terrain on mountains do not show acceptable 
correlation with the used point or bipolar charge models. 
On the contrary, field mills at flat terrain, such as sensor 
9 (at 428 MSL), present the distribution described in 
Figure 11. Data from sensor 9 fit a point charge model 
with ∆Q = -32.2 C and H = 8.99 km.    
 
 
  
Figure 11 – ∆E vs distance distribution for field mill 09. (Red: 
point charge model fitting, blue: reference from Florida)  
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3.1 – NUMERICAL SIMULATION  
 
In order to evaluate the effects of the topography on the 
electrostatic field measurements taken by field mills, 
several finite element simulations were performed. 
Figure 12 illustrates how the electric potential lines are 
disturbed when considering the terrain profile described 
on Figure 9. Computation mesh was built by dividing the 
terrain profile by steps of 2 km for flat zones and 50 m for 
the mountain. The point charge was represented by a 
1km-radius sphere with net charge of -23.1 C at 9.3 km 
height (average values of the point charge models 
derived from sensor 8 and 9 at flat terrain). The electric 
field was evaluated at the mountain top (sensor 1) when 
the point charge moves from 30 to 0 km away. 
 
 
 
 
Figure 12 – Effect of the topography on the electric potential 
distribution.  
 
Both flat terrain and mountain cases are described on 
the ∆E vs distance curves on Figure 13. As expected, 
electric field changes at mountain conditions are in 
general higher and it can be noted that the high values 
also occur at large distances.  
 
A factor given by the electric field change at mountain 
(∆EM) / electric field change at flat terrain (∆EF), can be 
evaluated by estimating the increase in the ∆E due to 
topography; Figure 14 shows the factor k vs distance for 
the profile on Figure 9. For short distances ∆EM and ∆EF 
are similar and for large distances ∆EM becomes 
approximately 6 times higher than ∆EF or more.  
 
 
Figure 13 – Electric field change ∆E vs distance for field mills 
located at mountain and flat terrain. 
 
 
Figure 14 – Factor k as a function of distance. 
 
It is also possible to obtain ∆EM and ∆EF from the 
real electrostatic field measurements during 31 
episodes during 2009 and 2010. In thunderstorm 
events as described in Figure 9, sensors at 
mountain and flat terrain indirectly measured 
electric field changes produced by the same CG 
flashes but at different distances; therefore the point 
charges and heights are the same for both sites. As 
mentioned above, data from sensors at mountain 
are poorly fitted by simple charge models; by 
means a regression analysis, real data from sensor 
1 were fitted to a polynomial model (∆EM – real on 
Figure 15). ∆EF - real is obtained from the fitted 
charge model based on data measured by sensors 
8 and 9 at flat terrain. Figure 15 also shows ∆EM 
and ∆EF obtained by simulation (∆EM - simulated 
and ∆EF - simulated).        
 
 
 
 
Figure 15 – ∆E vs distance curves for ∆EM and ∆EF derived from 
simulation and the real measurement from field mills at 
mountain (1) and flat terrain (8 , 9) 
 
Simulated and real measured ∆E curves present a very 
good agreement at distances larger than 5 km. Both real 
and simulated Factor k is given in Figure 16; real and 
simulated results perfectly agree in the distance range 5 
to 22 km.  
 
Differences at distances shorter than 5 km can be 
explained by the fact that point or bipolar charge models, 
as commonly assumed, are not totally valid for such 
short distances due to the size of the charge regions in 
the cloud are comparable with distance to the sensor 
and cannot be simplified as a point. Difference at large 
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distances are probably due to the measurement 
resolution of the sensors for small electric fields. 
 
     
 
Figure 16 – Real and simulated factor k as a function of 
distance. 
 
4 – CONCLUSIONS  
 
The paper presented large electric field changes ∆E vs 
distance distributions for field mills installed in “ideal 
conditions”, that is to say at the sea level, on flat terrain 
and with a very small site error; sensors at high terrain, 
at different altitudes, and finally, field mills on mountains 
highly affected by topography. 
 
Field mills in Florida were used for obtaining a detailed 
∆E vs distance distributions that can be considered as a 
“reference” due to the installation and calibration is 
almost “ideal”. That reference curve is based on the 
typical charges and heights that CG flashes present in 
Florida. Other sites could present differences in the 
charges and heights; however some characteristics as 
the scattering must be similar.  
 
Data from field mills at flat regions at different altitudes 
showed that ∆E changes can be explained by the simple 
change in the altitude, where at higher altitudes, higher 
∆E are measured.  
 
Measurements from field mills highly affected by 
topography showed that the electric field changes are 
higher and the high values are also observed at large 
distances. Electric field measurements simultaneously 
done at different sites during an storm episode evidence 
that the topography effects modify the ∆E vs distance 
profile; that modification can be considered when the 
field mill is calibrated, by using the Factor K described.  
 
The studied effects modify the performance of 
electrostatic field sensors used on real conditions and 
the lightning warnings based on them; therefore 
adjustments should be considered when sensors do not 
operate on flat terrain. This paper gave the first 
approaches about the methods for evaluating the 
performance of field mills installed under not ideal 
conditions. 
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